Abstract. The transduction efficacy of adenovirus serotype 5 (Ad5) vector in human renal carcinoma cells is generally low due to the down-regulated expression of Coxsackie and adenovirus receptor (CAR) in target cells. By contrast, the infectivity of adenovirus serotype 35 vectors depends on the binding rate to CD46 receptor, independent of CAR. In this study, we examined whether an adenovirus vector containing chimeric type 5 and type 35 fiber proteins (Ad5/F35) increases transduction efficiency compared to Ad5 vector in human renal carcinoma cells in vitro. The expression of CAR was much lower in the human renal carcinoma cells than in control HEK293 cells. By contrast, the expression of CD46 was similar and perhaps at a higher level in the human renal carcinoma cells than in the HEK293 cells. The transduction efficacy of Ad5/F35 vector was dramatically higher compared to that of Ad5 in human renal carcinoma cells, and was correlated to the expression of CD46. Thus, Ad5/35 vector may be useful for the development of novel gene therapy approaches to renal cell carcinoma.
Introduction
In the US, an estimated 57,760 patients were diagnosed with renal cell carcinoma (RCC) in 2009, of which 12,980 patients succumbed to the disease (1). The prognosis for RCC patients with progressive or recurring disease is particularly poor. RCC is relatively resistant to radiotherapy and chemotherapy, and only a minority of patients respond to specific immunotherapy with interleukin-2 and interferon-α (2) . Recently, antiangiogenic therapy targeting the angiogenesis pathway was approved for the treatment of advanced stage RCC patients (3) (4) (5) . Although this treatment appears to be promising, there remains a lack of curative therapy for advanced stage RCC, and currently almost all patients with this condition are incurable. Recent advances in genetic and molecular biology have led to the use of novel approaches, such as gene and virus therapy, for the treatment of RCC. Adenovirus serotype 5 (Ad5) vectors have been traditionally used in pre-clinical experiments and clinical trials (6) . Ad5 vectors mediate their attachment and entry into cells using the Coxsackie and adenovirus receptor (CAR) (7) . Renal carcinoma cell lines generally express low levels of CAR; as a result Ad5 viruses have a low transduction efficacy in these cells (8) .
In order to overcome the low transduction efficacy of Ad5 in cells lacking CAR, several researchers have developed fibermodified Ad vectors with a broader tropism (9) . Adenovirus serotype 35 (Ad35) vectors do not interact with CAR, but instead bind to CD46 receptors (also known as MCP-membrane co-factor protein), which are ubiquitously expressed in almost all human cells (10) (11) (12) . Ad vector containing chimeric type 5 and type 35 fiber proteins (Ad5/F35) is capable of CAR-independent tropism in target cells expressing CD46 on the membrane. Several groups have investigated the utility of Ad5/F35 for the development of transduction efficacy in cells lacking CAR (13) (14) (15) (16) (17) . In this study, we evaluated the ability of the Ad5/F35 vector to transfer genes to several human renal cell lines, in comparison to the Ad5 vector. Caki-1 and 786-O cells were maintained in RPMI-1640 medium (Life Technologies, Inc., Gaithersburg, MD, USA) containing 10% fetal bovine serum (FBS) and antibiotics (50 µg/ml streptomycin sulfate and 50 IU/ml penicillin). RCC4-vHL and HEK293 cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Nacalai Tesque, Inc., Kyoto, Japan) containing 10% FBS, antibiotics (50 µg/ ml streptomycin sulfate and 50 IU/ml penicillin), 2 mM glutamine and 0.5 g/l geneticin. ACHN were maintained in modified Eagle's medium (MEM; Nacalai Tesque, Inc.) containing 10% FBS, 2 mM glutamine, 10 mM non-essential amino acids and antibiotics (50 µg/ml streptomycin sulfate and 50 IU/ml penicillin). All cell lines were maintained at 37˚C in a humidified incubator with a 5% CO 2 atmosphere and 97% relative humidity, and were sub-cultured on reaching 80% confluence using 1 mmol/l EDTA-0.025% trypsin for 3-5 min. The cells were transferred 2-3 times/week into fresh growth medium.
Materials and methods

Cell
In vitro real-time quantitative reverse transcription-PCR assay.
Total cellular RNA was isolated from all cell lines using a TaKaRa RNA extraction kit (Parex), and was reverse transcribed using a reverse transcription kit (TaKaRa RNA PCR kit ver. 3.0) following the manufacturer's protocol. The resulting cDNA was amplified with CAR, CD46 and GAPDH sequence-specific primers (40 cycles, 95˚C for 15 sec, 60˚C for 1 min) using TaqMan chemistry in the StepOnePlus RealTime PCR System v2.0 (Applied Biosystems). Table I shows the sequences of the TaqMan probes and primers for CAR, CD46 and GAPDH. All primers/probes were purchased from Biosearch Technologies Japan.
Adenovirus vector preparation.
The transduction efficiency of Ad5-LacZ and Ad5/F35-LacZ, chimeric type 5 and type 35 fiber proteins expressing LacZ driven by the cytomegalovirus promoter, were tested (15) . vectors were purified through two rounds of CsCl gradient ultracentrifugation using standard methods. Serial dilutions of the viruses were used to infect HEK293 cells for a plaque assay. The infectious titer of the purified Ad vectors was determined by triplicate 50% tissue culture infective dose (TCID50) assays using HEK293 cells, and expressed as plaque-forming units (pfU)/ml.
Transduction efficacy of adenovirus vectors. in order to
determine transduction efficacy in each cell line, 1x10
5 cells were prepared in a 24-well plate and infected with Ad5-LacZ or Ad5/F35-LacZ. After 48 h, the transduction efficacy was assessed by β-galactosidase (β-gal) staining and expressed as blue titer units (btU)/ml. Statistical analysis. Statistical significance was determined using ANOvA and Bonferroni correction. A p-value of <0.05 was considered statistically significant.
Results
Relative quantification of CAR and CD46 mRNA expression. Fig. 1 shows the mean relative quantifications of CAR and CD46 mRNA expression as detected in the cell lines. In order to normalize for differences in the quantity of total RNA, GAPDH was selected as the endogenous RNA control. HEK293 cells were selected as the positive control. Relative quantification was calculated with the value obtained from HEK293 cells set to 100%. Levels of CAR mRNA expression were considerably higher in the RCC4-vHL cell line compared to the Caki-1 (>100-fold), ACHN (>10-fold) and 786-O (8-fold) cell lines. However, the level of CAR mRNA expression in the RCC4-vHL cells was still much lower (~0.1-fold) than that in the HEK293 cell line. The levels of CD46 mRNA in all the RCC cell lines were relatively high compared to the expression of CAR mRNA. The relative quantification of CD46 mRNA expression in the Caki-1, ACHN and 786-O cell lines was 81.8, 82.1 and 64.6%, respec- 11 , 6.6x10 11 and 6.0x10 10 btU/ml, respectively (Fig. 2) . The transduction efficacy of Ad5/F35-LacZ was significantly higher in all the RCC cell lines compared to that of Ad5-LacZ (p<0.01).
Discussion
Gene therapy using Ad5 vector is a promising therapeutic strategy for the treatment of various types of cancer. However, this approach has yet to be developed for use in cases of RCC, possibly due to the low transduction efficiency of the Ad5 vector in these cells. To date, only 12 protocols for the gene therapy of RCC have been applied in a clinical setting, and only one of these used the Ad5 vector. By contrast, more than 990 protocols have been described for other cancers (Gene Therapy Clinical Trials Worldwide, 2009; http://www.wiley. co.uk/genetherapy/clinical/).
In the present study, we attempted to increase the transduction efficiency of the Ad vector in renal carcinoma cells, and thus evaluated a newly developed adenovirus vector, Ad5/F35-LacZ. This vector is capable of CAR-independent tropism in target cells expressing CD46 on the membrane. The results revealed that the transduction efficiency of Ad5/ F35-LacZ in each of the tested renal carcinoma cell lines was significantly higher than that of the Ad5 vector (Fig. 2) , and almost paralleled the relative quantifications of CD46 mRNA expression (Fig. 1B) .
Previously, we examined the transduction efficiency of Ad5 vector containing the RGD motif in the HI loop of the Ad fiber knob (Ad-RGD vector) (18) . This vector is capable of CAR-independent tropism in target cells expressing αvβ3 and/ or αvβ5 integrin on the membrane (19) . Also, this vector was expected to have a high efficacy in renal carcinoma cells due to the overexpression of αvβ3 integrin in these cells (20) . We demonstrated a significant increase in transduction efficacy of 125-to 1,800-fold in human RCC cell lines compared to the transduction efficacy associated with the Ad5 vector (18) . The results also showed that the transduction efficacy of Ad5/ F35-LacZ was significantly increased by 8.3-, 10-, 37.5-and 20-fold in the ACHN, Caki-1, RCC4-vHL and 786-O RCC cells, respectively, compared to the Ad-RGD vector. Previous investigators have demonstrated an antitumor effect in various cancer cell lines using an oncolytic Ad5/F35 vector (21, 22) . The transduction efficacy of the Ad5/F35 vector in the cell lines used in these studies was higher than that of the Ad5 vector. In agreement with these studies, our findings suggest that, in RCC, an oncolytic Ad5/F35 vector containing the E1a gene controlled by a RCC-specific promoter may achieve a greater antitumor effect than gene therapy using a conventional Ad5 vector. In this study, we demonstrated a marked increase in the transduction efficacy of renal carcinoma cells using an Ad vector containing chimeric type 5 and type 35 fiber proteins. It may therefore be preferable to use the Ad vector described in this study to target renal carcinoma cells. The application of our findings may lead to more effective novel gene therapy approaches to renal cell carcinoma.
